Mesenchymal stem cells (MSCs) have been isolated and identified separately from the three components of intervertebral disc, i.e. annulus fibrosus (AF), nucleus pulposus (NP), and cartilage endplate (CEP). However, few studies have been carried out to compare the properties of these three kinds of stem cells, especially their migration ability which is essential for their potential clinical application. In this study, MSCs were isolated from AF, NP, and CEP, respectively, of human degenerated discs and identified by surface markers and multilineage differentiation assay at passage 3. These three types of stem cells were named as AF-MSCs, NP-MSCs, and CEP-MSCs. Then, their biological characteristics were compared in terms of proliferation, passage, colony formation, migration, and invasion capacity. Results showed that all the three types of cells were identified as MSCs and had similar characteristics in proliferation, passage, and colony formation capacity. CEPMSCs showed the highest migration and invasion potency, while NP-MSCs showed the lowest migration ability and almost no invasion potency, suggesting that CEP-MSCs had the most powerful properties of migration and invasion when compared with AF-MSCs and NP-MSCs. It was also found that the expression of CXCR4 was higher in CEP-MSCs than in the other two, suggesting that SDF-1/CXCR4 axis may play significant roles in the migration of these cells.
Introduction
Spinal degenerative diseases such as intervertebral disc (IVD) herniation, spondylolisthesis, spinal stenosis, and segmental instability often cause neural compressive manifestations and low back pain. IVD degeneration, a cell-mediated response to progressive structural failure, is responsible for these symptoms [1] . These manifestations have a great impact on society and the economy, including high costs for medical treatment and insurance, loss of productivity, and increase in disability benefits [1, 2] . Current treatments for IVD degeneration include symptom relief by conservative management and surgical therapy, such as disectomy and spinal fusion which cannot reconstruct the biological properties of the IVD with the long-term effect being not satisfactory [3, 4] . Biological treatment might be an efficient way to reverse or delay the degeneration of IVDs [5, 6] . It has been reported that adult stem cells play a great role in maintaining homeostasis and self-renewal in several organs. With the loss of stem cells, the composed tissues age with organ dysfunction [7, 8] . The lack of normal and healthy cells initiates the degeneration of IVD [9] . More seriously, basic studies revealed that the remaining cells, most of which were senescent, showed a weak expansion potential [10] .
Risbud et al. [11] confirmed that cells isolated from annulus fibrosus (AF) and nucleus pulposus (NP) express the surface makers of mesenchymal stem cells (MSCs), including CD133/1, CD105, CD166, CD63, CD49a, CD90, and CD73, and these cells can be differentiate into osteoblasts, chondrocytes, and adipocytes. MSCs isolated from NP tissues of degenerated human IVDs were similar to bone marrow MSCs (BMSCs) in morphology, expansion ability, immunophenotype, and differentiation potential, except that NP-MSCs showed lower adipogenic potential than the BMSCs [12] . MSCs isolated from AF had the potential of multilineage differentiation and even could be differentiated into neurons and endothelial cells [13] . Liu et al. [14] showed that the identified cartilage endplate (CEP)-MSCs had superior abilities of osteogenesis and chondrogenesis when compared with BMSCs. These results suggest that the endogenous stem cells can be isolated and have the potential for biological treatment.
Migration is one of the key biological characteristics of MSCs, and it determines whether the MSCs can be targeted to the damaged tissue, the chronic inflammation site, and the tumor site [15, 16] . Therefore, understanding of the molecular mechanism and the influences of MSC migration will help to enhance the migration ability of MSCs and improve the treatment efficiency [17] . It may be possible to develop biological treatment strategies to activate endogenous progenitor cells and trigger regeneration of the IVD by stimulating the cellular migration [18] . Nevertheless, there is still a lack of knowledge about the cellular activities and migration patterns of stem cells originated from these tissues.
For the optimization of biological treatment methods, a basic knowledge about the MSCs isolated from different parts of the IVD is essential. In the present study, we aimed to isolate and identify the MSCs from AF, NP, and CEP of human degenerated discs, and to investigate their differences in cell proliferation, colony formation, migration, and invasion.
Materials and Methods

Tissue collection
Tissue samples, including AF, NP, and CEP, were obtained from six patients ( Table 1 ) who had received posterior discectomy and fusion surgeries. The degree of lumbar degeneration is Grade III evaluated by Pfirrmann grading system [19] . Informed consent was obtained from each patient, and utilization of excised human IVDs from surgery was approved by the Zhongshan Hospital Committee on Ethics (No. B2015-025).
The first piece of tissue cut by sharp-pointed knives during fenestration discectomy was used as the AF tissue. NP tissue was taken from the inner part of IVD, which was gelatinous. Inferiorly and superiorly positioned cartilaginous endplates scraped during surgery was taken as the CEP tissue. Different disc regions were cleanly separated from each other and clearly distinguished for unambiguous dissection. Photographs of the disc tissues are shown in Fig. 1 as examples of the tissues used in this study.
Isolation and culture of AF-MSCs, NP-MSCs, and CEP-MSCs
The IVD samples of levels L4-L5 were collected and transported immediately under sterile condition. In the clean bench, the NP, AF, and CEP tissues were separated and harvested without any visible contamination with each other or by other tissues. Then, the tissues were mechanically minced into small pieces (<1 mm 3 
Multilineage differentiation and staining assay
The multilineage differentiation potential of AF-MSCs, NP-MSCs, and CEP-MSCs was assessed by measuring their ability to be induced into adipocytes, osteoblasts, and chondrocyte phenotypes. For osteogenic differentiation, P3 MSCs at 80%-90% confluence were harvested and then cultured in MSC Osteogenic Differentiation Medium (Cyagen Biosciences, Guangzhou, China), which was changed every 3 days. After 3 weeks, the calcified deposits in the extracellular matrix were assessed by staining with Alizarin Red solution (Cyagen Biosciences).
For adipogenic differentiation, when MSCs reached 100% confluence, the medium was changed to MSC Adipogenic Differentiation Induction Medium (Cyagen Biosciences). Three days later, the medium was changed to Adipogenic Differentiation Maintenance Medium (Cyagen Biosciences). After 24 h, the medium was changed back to induction medium. Repeat the cycle of induction/maintenance four times before the cells were cultured in maintenance medium for additional 7 days. To confirm triglyceride deposits, the induced cells were finally fixed with 4% paraformaldehyde and stained with Oil Red O (Cyagen Biosciences). For chondrogenesis, P3 MSCs were incubated in 6-well plates in DMEM-L for 24 h. Then, the medium was replaced by MSC Chondrogenic Differentiation Medium (Cyagen Biosciences) and changed every 3 days. After 3 weeks, Alcian blue (Cyagen Biosciences) staining was carried out to evaluate the synthesis of proteoglycans by chondrocytes.
Cell proliferation assay
Cell Counting Kit-8 (CCK8; Dojindo, Tokyo, Japan) was used to detect the proliferation capacity of the three types of MSCs at P3 period. Two thousands cells suspended in 100 μl DMEM-L containing 10% FCS and 1% penicillin/streptomycin were inoculated into each well of 96-well plates. After 1, 3, 5, 7, 9, or 11 days of incubation in the humidified incubator at 37°C under 5% CO 2 , 10 μl of the CCK8 solution was added to the corresponding wells and incubated for another 2 h. The optical density (OD) values at 450 nm were measured by using a micro-plate reader (Bio-Rad, Hercules, USA). The growth of each MSCs was recorded at different time points.
Colony-forming assay
Colony-forming assay was performed with P3 cells seeded in wells of 6-well plates at various densities (100, 200, 400, and 1000 cells/well). Two weeks later, the supernatant was discarded and the MSCs were fixed with 5 ml of 4% paraformaldehyde for 10 min. Then, the cells were washed three times with PBS and stained with 0.1% crystal violet (Keygen Biotech) for 15 min. Colonies containing more than 100 cells were counted, and the colony-forming rate was calculated.
Wound-healing assay
For the wound-healing assay, 1 × 10 5 of each P3 MSCs were seeded into wells of 6-well plates and cultured to 90% confluence. Wounds (straight line) were created by scraping the cell layer with a p200 pipette tip. The first photomicrograph was acquired as reference with the marker under the plate. After 24 h of incubation in serumfree DMEM-L, the second photomicrograph was obtained by matching the photographed region acquired above. The migration areas of wound healing were measured and calculated by AutoCAD.
Migration and matrigel invasion assays
The 24-well transwell chamber plates (Corning Co., Corning, USA) were used to evaluate the migration abilities of MSCs. A total of 2 × 10 4 MSCs in 200 μl serum-free DMEM-L were added into the upper chamber with 8-μm pores, and 600 μl of DMEM-L containing 10% FCS was added in the lower chamber. The transwell chamber plates were incubated in humidified incubator at 37°C in 5% CO 2 . After 12 h, the cells remained on the upside were carefully removed with a cotton swab, and the underside of the membranes was fixed and stained with 0.1% crystal violet. The matrigel invasion assay was conducted after the upper chambers were coated with 50 μl matrigel (Corning Co.), which had been diluted two times. The cell seeding and staining was performed in the same way as in the migration assay, while the culture time was 2, 4, and 7 days.
The photomicrographs of migrated or invaded cells were captured under a microscope at 200× magnification. Four random fields were selected and the number of cells was counted. Three independent experiments were performed in triplicates.
Real-time polymerase chain reaction
Total RNA of P3 MSCs from AF, NP, and CEP was extracted using Trizol reagent (Invitrogen, Carlsbad, USA) and the RNA concentration was determined. Reverse transcription was carried out in a total volume of 20 μl with 1 μg of total RNA to synthesize cDNA using PrimeScript RT reagent kit (TaKaRa, Dalian, China). Real-time polymerase chain reaction (PCR) was performed in 10 μl, including 1 μl of cDNA, 0.4 μl of each primer, 3.6 μl of nuclease-free water, and 5 μl of SYBR green 2× premix (TaKaRa) with the following protocol: activation for 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 30 s at 60°C, and a final extension for 30 s at 72°C. Threshold cycle (Ct) of each reaction was normalized against GAPDH using the comparative 2 −ΔΔCt method. The following primers were used: GAPDH forward, 5′-ACCACAGTCCATGCCATCAC-3′, GAPDH reverse, 5′-TCCACCACCCTGTTGCTGTA-3′; SDF-1 forward, 5′-ATGAA CGCCAAGGTCGTGGTC-3′, SDF-1 reverse, 5′-TGGCTGTTGTG CTTACTTGTTT-3′; and CXCR4 forward, 5′-TTCTACCCCAATG ACTTGTG-3′, CXCR4 reverse, 5′-ATGTAGTAAGGCAGCCAACA-3′.
Western bolt analysis
The P3 AF-MSCs, NP-MSCs, and CEP-MSCs cultured in petri dishes were, respectively, lysed and homogenized in 100 μl of radioimmunoprecipitation assay lysis buffer (Beyotime, Hangzhou, China) containing 1 μl of phenylmethylsulfonyl fluoride. After centrifugation at 14,000 g for 15 min, the supernatant was collected and the protein concentration of each sample was quantified using the bicinchoninic acid assay kit (Keygen Biotech). Each sample containing 20 μg of proteins was separated by electrophoresis on a 12.5% sodium dodecyl sulfatepolyacrylamide gel and then transferred into polyvinylidene difluoride membranes. After being blocked with 5% no-fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) at room temperature for 1 h, the membranes were incubated overnight at 4°C with the following antibodies: anti-β-actin antibody (1:5000; Beyotime), anti-CXCR4 antibody (1:200; Santa Cruz Biotech, Santa Cruz, USA), and ant-SDF-1 antibody (1:500; Santa Cruz Biotech). The blots were washed three times with TBST and incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Santa Cruz Biotech) for 1.5 h at room temperature. The signals were visualized using an enhanced chemiluminescence reagent kit (Beyotime) and exposed to X-ray films. The density of the bands was analyzed using the ImageLab software (Bio-Rad).
Statistical analysis
All data were analyzed by one-way analysis of variance using GraphPad Prism software, version 6.0 (GraphPad Software Inc., San Diego, USA) and presented as the mean ± standard error. P value of <0.05 was considered statistically significant.
Results
Morphology and growth characteristics of MSCs from IVDs
After primary cells were isolated from IVDs and cultured, colonyforming cells named as P0 MSCs were generated by~14 days of subculture at a density of 100 cells/ml. All colonies presented a compact type and round-like structure. The morphology of these cells from the passage 0 (P0) exhibited a homogeneous spindle or polygonal shape and showed parallel or vortexes performance. When the cells reached 75% confluence in each passage, the cells were subcultured and proliferated until passage 10 (P10). Compared with P3 cells, P10 cells showed larger volume and less compact, but still organized themselves in parallel or spiral arrangement ( Fig. 2A) .
The proliferation capacities of AF-MSCs, NP-MSCs, and CEPMSCs were demonstrated in the growth curves determined by CCK8 assay. The growth curves showed that all of the MSCs entered into exponential phase between Day 3 and Day 5. The growth rate was low during the initial 3 days and the last 4 days (Fig. 2B) .
Phenotypic characteristics and multilineage differentiation potential of MSCs
The antigenic phenotypes of AF-MSCs, NP-MSCs, and CEP-MSCs were analyzed by flow cytometry. CD34, CD45, CD73, CD90, CD105, and HLA-DR were chosen to identify MSCs. All the three types of cells at P3 were positive (>97%) for the typical MSC marker proteins CD73, CD90, and CD105, but negative (<2%) for hematopoietic progenitor cell marker CD34, leukocyte common antigen CD45, and the immune marker HLA-DR. No significant differences were observed among these three MSCs from IVD (Fig. 3A) .
After induction, AF-MSCs, NP-MSCs, and CEP-MSCs showed similar multilineage differentiation abilities. After 3 weeks of induction in three differentiation media designed for osteogenic differentiation, adipogenic differentiation, and chondrogenesis, formations of mineralized calcium nodules, lipid vacuoles, and proteoglycans were observed, respectively, in all the three types of cells (Fig. 3B) .
Colony-forming ability of MSCs from IVDs
Three types of MSCs all showed significant colony-forming abilities at densities of 100, 200, 400, and 1000 cells/well, with the colony formation rate gradually declined as the seeding density increased (Fig. 4A) . Compared with P0 colonies, the morphology of P3 colonies presented irregular shapes, and the P3 cells formed parallel and vortexes performance partially (Fig. 4B) . The colony- forming rate of each MSCs at different densities was calculated and shown in Fig. 4C . It was found that colony-forming rates of these three MSCs are similar.
Migration activity of MSCs from IVDs
Wound-healing assays showed that the stem cells from three sources all possessed migration abilities, but demonstrated some differences. The migration rate decreased in the order CEP-MSCs > AF-MSCs > NP-MSCs (Fig. 5A,B) .
In the migration assay, 396 ± 36 cells from CEP-MSCs crossed the membrane by 10% FCS stimulation, while 244 ± 29 AF-MSCs and 167 ± 8 NP-MSCs crossed the membrane (Fig. 5C,D) .
The invasion abilities were analyzed by the matrigel invasion assay. When the chambers were collected after 2 or 4 days of incubation, no invaded cells were seen under the microscope. After 7 days of incubation, the number of cells found in the lower compartment was 130 ± 7, 3 ± 3, and 267 ± 11 for AF-MSCs, NP-MSCs, and CEP-MSCs, respectively (Fig. 5E,F) . It was found that NP-MSCs had the lowest invasion activity upon FCS stimulation among these three types of MSCs.
Expressions of migration markers in MSCs from IVDs
The gene expressions of specific migration markers, such as SDF-1 and CXCR4, were assessed by real-time quantitative PCR. It was found that the mRNA expression of CXCR4 was significantly higher in CEP-MSCs than those in NP-MSCs and AF-MSCs. The CXCR4 gene expressions between NP-MSCs and AF-MSCs were also statistically different (Fig. 6A) . However, the gene expression of SDF-1 was significantly higher in AF-MSCs than those in NP-MSCs and CEP-MSCs. And no statistically significant difference was observed between NP-MSCs and CEP-MSCs (Fig. 6B) .
In addition, the protein expressions of SDF-1 and CXCR4 were determined by western blot analysis. CEP-MSCs showed significantly higher level of protein expression for CXCR4 when compared with NP-MSCs and AF-MSCs. The CXCR4 protein expression in different MSC types is in the following order: CEPMSCs (1.383 ± 0.079) > AF-MSCs (1.189 ± 0.187) > NP-MSCs (0.560 ± 0.173) (Fig. 6C) . AF-MSCs showed significantly higher level of protein expression for SDF-1 than the other two. The order of the level of SDF-1 protein expression was as follows: AF-MSCs (1.568 ± 0.251) > NP-MSCs (0.775 ± 0.120) > CEP-MSCs (0.763 ± 0.095) (Fig. 6D) . 
Discussion
In this study, we for the first time obtained AF-MSCs, NP-MSCs, and CEP-MSCs from degenerated IVD by amplification of primary cells and clone culture. For the isolation of MSCs from the IVD, various attempts have been made. Wang et al. [20] subcultured the second generation of IVD cells with low planting density in agarose suspensions to select MSCs. Erwin et al. [21] counted and cultured the NP cells at density of 5 cells/μl under hypoxic conditions after overnight digestion of NP tissues, and the colony-forming cells had the characteristics of stem cells and even were able to differentiate into a variety of nerve cells. Compared with their methods, our method was more convenient, and even the P10 cells still showed stable cell morphology.
With gradual passage, the cells from all the three sources exhibited homogeneous spindle or polygonal shapes, arranging in parallel and spiral performance. Each passage was plastic-adherent when cultured in DMEM-L. The cells we obtained highly expressed (>97%) the representative surface markers of MSCs, such as CD73, CD90, and CD105, and were negative (<2%) for CD34, CD45, and HLA-DR. In the differentiation experiments, three kinds of cells all possessed the abilities of osteogenesis, adipogenesis, and chondrogenesis. Therefore, the adhesive characteristics, specific immunophenotypic features, and multilineage differentiation capacity of these MSCs meet the criteria for defining MSCs set by the International Society for Cellular Therapy (ISCT) [22] .
The AF border to ligament zone and the perichondrium region was determined as a stem cell niche within the disc by Henriksson et al. [23] . They suggested that the stem/progenitor cells gradually migrated from the niche regions toward the AF and the inner part of the IVDs with age in rabbits in vivo [24] . Feng et al. [25] showed that N-acetylated proline-glycine-proline secreted by NP cells could induce the migration of stem cells from CEP toward NP tissue in the complex microenvironment of a degenerative disc. Similarly, the migration and invasion abilities of umbilical cord MSCs (UCMSCs) and BMSCs have been verified in vitro [26] [27] [28] . In the present study, we identified that the three types of MSCs obtained from degenerated discs all had the ability of migration, but with some differences. AF-MSCs and CEP-MSCs showed stronger abilities of migration than NP-MSCs. To reach the inner part of IVD or play roles in the repair of degenerated areas, adult stem cells had to break through the extracellular matrix. Therefore, the matrigel invasion assay was performed to simulate this process. After 7 days of incubation in plates coated with matrigel, CEP-MSCs appeared to be superior in invasion ability, since it had a large number of invasive cells, while NP-MSCs showed the weakest invasion ability.
CXCR4 is essential to guide cell migration toward its ligand SDF-1 during embryogenesis and tissue remodeling [29, 30] . Compared with normal human discs, the expression of both SDF-1 and CXCR4 was increased in human degenerated IVD [31] . High expression of CXCR4 in BMSCs could promote the migration of BMSCs toward SDF-1 and improve the retention of BMSCs within the IVD [32] . Our results showed that the migration ability of each kind of MSCs was consistent with mRNA and protein expressions of CXCR4. The highest expression of CXCR4 might be the reason for the strongest migration ability of CEP-MSCs. The secretion of SDF-1 was higher in AF-MSCs than in NP-MSCs and CEP-MSCs. SDF-1 has been proved to significantly boost the migration of MSCs to the degenerating IVD [33] . Some researchers confirmed that, compared with BMSCs, UCMSCs had better potential for migration that was related to its higher expression of SDF-1 [26, 28] . Similar to UCMSCs, high expression of SDF-1 in AF-MSCs might indicate its considerable potential to migrate to the inner part of IVD. These studies indicated that SDF-1/CXCR4 axis could be activated to increase the migration of endogenous stem/progenitor cells for IVD regeneration.
In conclusion, our study showed that the cells obtained from different sources were all characterized as MSCs by colony forming. CEP-MSCs exhibited the most powerful properties of migration and invasion than AF-MSCs and NP-MSCs. SDF-1/CXCR4 axis may play significant roles in the migration of these cells. Since the activation of endogenous stem cell is one approach of stem cell-based therapeutic strategy, the detailed mechanism of migration characteristics of MSCs derived from IVD need to be further investigated.
